Mad2 is an essential component of the spindle assembly checkpoint (SAC), a molecular device designed to coordinate anaphase onset with the completion of chromosome attachment to the spindle. Capture of chromosome by microtubules occur on protein scaffolds known as kinetochores. The SAC proteins are recruited to kinetochores in prometaphase where they generate a signal that halts anaphase until all sister chromatid pairs are bipolarly oriented. Mad2 is a subunit of the mitotic checkpoint complex, which is regarded as the effector of the spindle checkpoint. Its function is the sequestration of Cdc20, a protein required for progression into anaphase. The function of Mad2 in the checkpoint correlates with a dramatic conformational rearrangement of the Mad2 protein. Mad2 adopts a closed conformation (C-Mad2) when bound to Cdc20, and an open conformation (O-Mad2) when unbound to this ligand. Checkpoint activation promotes the conversion of O-Mad2 to Cdc20-bound C-Mad2. We show that this conversion requires a C-Mad2 template and we identify this in Mad1-bound Mad2. In our proposition, Mad1-bound C-Mad2 recruits O-Mad2 to kinetochores, stimulating Cdc20 capture, implying that O-Mad2 and C-Mad2 form dimers. We discuss Mad2 oligomerization and link our discoveries to previous observations related to Mad2 oligomerization.
THE SPINDLE ASSEMBLY CHECKPOINT
The separation of sister chromatids into two equal complements during mitosis is a complex endeavour (Nasmyth 2002) . Loss of sister chromatid cohesion at the metaphase-anaphase transition requires attachment of all sister chromatid pairs to the mitotic spindle. This dependency is maintained by the SAC and protects cells from the undesired loss or gain of chromosomes (aneuploidy). Aneuploidy has been implicated as a possible trigger of cellular transformation based on the observation that cancer cells are often highly aneuploid (Bharadwaj & Yu 2004) . Furthermore, aneuploidy resulting from defective meioses has been identified as a cause of several genetic disorders (Petronczki et al. 2003) .
Kinetochores are protein scaffolds assembled on centromeric chromatin that mediate the end-on attachment of spindle microtubules (Cleveland et al. 2003) . The attachment process consists of the creation of a stable link between the kinetochores and the microtubules of the mitotic spindle into what is called bipolar orientation. Chromosomes are bipolarly oriented if the sisters are attached to opposite poles of the spindle and are, therefore, subject to a force that operates to separate them. At least in vertebrates, this force can be visualized as an increase in the distance between sister kinetochores in metaphase (i.e. after attachment) relative to that in prometaphase (i.e. before attachment; Cleveland et al. 2003) . The dependency of anaphase on attachment requires functional kinetochores (Musacchio & Hardwick 2002) . A single unattached kinetochore acts as a source of a diffusible signal that inhibits anaphase within the whole spindle to which that unattached kinetochore belongs (Rieder et al. 1995) . The creation of the diffusible signal is operated by the SAC, a molecular device whose components localize at kinetochores and at the centromere during prometaphase and, in some cases, also in the subsequent phases of mitosis (Musacchio & Hardwick 2002; Bharadwaj & Yu 2004) . The MAD proteins Mad1 and Mad2, and the BUB proteins, Bub1, BubR1 (Bub1-related) and Bub3, compose the molecular core of the spindle checkpoint (Hoyt et al. 1991; Li & Murray 1991) . Other proteins, including the kinases Mps1 and Aurora B/Ipl1, and limited to higher eukaryotes, the ZW10 and Rod proteins, are also required for the spindle checkpoint (Musacchio & Hardwick 2002; Bharadwaj & Yu 2004) . The role of Aurora B/Ipl1 is particularly important, as the activity of this kinase is believed to be required to sever faulty microtubule-kinetochore connections that prevent the generation of bipolar attachment (Tanaka et al. 2002) .
To understand how the SAC prevents anaphase, it must be mentioned that the metaphase-anaphase transition requires the activity of the APC/C (Peters 2002) . This multi-subunit ubiquitin (Ub) ligase mediates the ubiquitination and subsequent degradation of cyclin B and securin. The latter is an inhibitor of separase, the protease that causes the loss of sister chromatid cohesion by cleaving one of the subunits of cohesin. The degradation of securin and the concomitant degradation of cyclin B activate separase, causing anaphase (Peters 2002) . The target of the SAC is Cdc20, an activator of the APC/C that directs the activity of this Ub-ligase towards securin and cyclin B (Fang et al. 1998; Hwang et al. 1998; Kallio et al. 1998; Kim et al. 1998; Wassmann & Benezra 1998) . Two proteins in the SAC, Mad2 and BubR1, bind Cdc20 directly and have been reported to enter a single complex in budding yeast and HeLa cells, now usually referred to as mitotic checkpoint complex (MCC; Sudakin et al. 2001; Tang et al. 2001; Chen 2002; Fang 2002; Millband & Hardwick 2002; Shannon et al. 2002; Meraldi et al. 2004 ). This complex also contains Bub3, which appears to be constitutively bound to BubR1 (reviewed in Musacchio & Hardwick 2002) .
The MCC is believed to be the critical effector of the SAC, and it is important to understand how this complex is formed and the role played by kinetochores in promoting its formation. There is considerable evidence indicating that unattached kinetochores enhance the formation of the MCC. For instance, interventions that completely disrupt kinetochore assembly, thus preventing the localization of the spindle checkpoint proteins at the kinetochore, ablate the checkpoint response (see for instance Rieder et al. 1995; McCleland et al. 2003; Meraldi et al. 2004 ). All SAC proteins, but also Cdc20 and the subunits of the APC/C, can be identified at kinetochores in prometaphase (reviewed in Musacchio & Hardwick 2002) . Using FRAP, it has been shown that several SAC proteins, including Mad2, Bub3, BubR1 and Cdc20, are continuously recruited and released from kinetochores during checkpoint activation (Howell et al. 2001 (Howell et al. , 2004 Kallio et al. 2002; Shah et al. 2004) . This suggests that the kinetochore surface acts as a platform for the recruitment of these proteins and for the formation of a complex between them. Intriguingly, other SAC proteins, including Mad1 and Bub1, are stably bound at kinetochores during checkpoint activation (Howell et al. 2004; Shah et al. 2004) . This suggests that they work as components of a catalytic platform at the kinetochore, whose function is the recruitment of Mad2, BubR1, and possibly Cdc20 and the assembly of the MCC.
THE TWO CONFORMATIONS OF MAD2 AND THE 'MAD2 EXCHANGE' MODEL
Our laboratory is interested in understanding the molecular bases of the kinetochore cycle of recruitment and release of SAC proteins during checkpoint activation. Critical goals of our investigations are determining the precise mechanisms through which Mad2 and the other checkpoint proteins are recruited to the kinetochores, the mechanisms that allow the interaction of Mad2 with other components of the SAC at the kinetochore and the mechanisms of propagation and amplification of the spindle checkpoint signal away from the kinetochore. In particular, we have studied the role of Mad1 in activating Mad2 for binding Cdc20 (Sironi et al. , 2002 De Antoni et al. 2005) . Although this interaction does not requires Mad1 when purified proteins are mixed in vitro, evidence from the budding yeast Saccharomyces cerevisiae and from Xenopus laevis egg extracts indicates that Mad1 is definitely required for Mad2 to bind Cdc20 in these systems, and that both Mad1-free Mad2 and Mad1-bound Mad2 are required to maintain the spindle checkpoint (Hwang et al. 1998; Fraschini et al. 2001; Sironi et al. 2001; Chung & Chen 2002; Luo et al. 2002; Martin-Lluesma et al. 2002) . On the other hand, BubR1, or more precisely, its budding yeast orthologue Mad3, is not required for the interaction of Mad2 with Cdc20 (Hwang et al. 1998) , implying that its function may be required downstream from Mad1 and Mad2. In what way does Mad1 promote the formation of Mad2/Cdc20 complexes? This question turned out to be particularly complex for reasons that will become clear in the remainder of this paper. A first relevant discovery towards the elucidation of this problem was that Mad1 and Mad2 bind to each other directly in the absence of other proteins and that Mad1 is definitely required for the localization of Mad2 to kinetochores, indicating that Mad1 is the kinetochore receptor of Mad2 (Chen et al. 1998 (Chen et al. , 1999 Sironi et al. 2001; Chung & Chen 2002; Luo et al. 2002; Sironi et al. 2002) . Given the relevance of kinetochores for the generation of the spindle checkpoint effector signal, these observations suggested that the positive role of Mad1 in promoting the formation of the Mad2/Cdc20 complex may be based on the recruitment of Mad2 to the kinetochore, which, in turn, would promote the encounter of Mad2 with Cdc20 (reviewed in Musacchio & Hardwick 2002; Bharadwaj & Yu 2004) .
We asked what relationship existed between the complexes of Mad2 with Mad1 and Cdc20. In particular, we wished to know whether Mad2, Mad1 and Cdc20 entered a unique ternary complex or whether these interactions of Mad2 were competitive. A critical finding, independently derived in our laboratory and in Hongtao Yu's laboratory, is that Mad2 recognizes similar short linear motifs in Cdc20 and Mad1, which bind into the same pocket of Mad2 (Luo et al. 2002; Sironi et al. 2002) . This suggests that Mad1 and Cdc20 may compete for Mad2 binding. A second decisive observation is that the binding of Mad2 to Mad1 or Cdc20 is accompanied by a dramatic conformational change in the C-terminal region of Mad2, the so-called 'safety-belt' (Luo et al. 2002; Sironi et al. 2002) . The cytosolic form of Mad2, free of Mad1 or Cdc20, adopts what we call open conformation (O-Mad2). In this conformation, the safety belt forms a b-hairpin that completes one edge of the large exposed b-sheet of Mad2. On the other hand, upon binding to Mad1 or Cdc20 the safety belt of Mad2 relocates to the opposite edge of the b-sheet, creating in this manner a topological link with its Mad1 or Cdc20 ligands (Luo et al. 2002 Sironi et al. 2002; De Antoni et al. 2005) . We have defined this as the closed conformation of Mad2 (C-Mad2). An alternative nomenclature has been recently proposed (Luo et al. 2005) in which O-Mad2 and C-Mad2 are named N1 and N2, respectively (where N indicates the native conformation of Mad2, and 1 and 2 indicates that Mad2 adopts two distinct native conformations).
We prefer to use the names O-Mad2 and C-Mad2, however, because they refer to a recognizable physical state of the safety belt.
The structural properties of Mad2 have profound implications for understanding the catalytic role played by kinetochores in the formation of the MCC complex (of which Mad2/Cdc20 is a subcomplex). The 'Mad2 exchange model', shown in figure 1a , represents an attempt to reconcile these observations. In this model, the conformational change in the safety belt accompanying the binding of Mad2 to Cdc20 is predicted to be rate limiting for the formation of the MCC complex, owing to the large activation barrier that separates the two Mad2 conformers (Luo et al. 2002 Sironi et al. 2002; De Antoni et al. 2005) . Mad1-dependent recruitment of Mad2 to kinetochores may facilitate the conversion of O-Mad2 to Cdc20-bound C-Mad2 by creating a form of C-Mad2 bound to Mad1, which would then become available for Cdc20 binding ).
THE MAD2 EXCHANGE AND THE 'MAD2 TEMPLATE' MODELS
Our recent studies on the molecular mechanism put forward by the Mad2 exchange model unveiled several weaknesses that question its biological relevance (De Antoni et al. 2005) . Our main concern with this model stemmed from the observation introduced above that Mad1 and Cdc20 share a Mad2-binding motif that binds Mad2 into the same binding pocket. Thus, a mechanistic implication of the Mad2 exchange model is that Mad1 and Cdc20 compete for Mad2 binding because before Cdc20 can bind to Mad2, it has to be displaced from Mad1 (figure 1a). While this is not a problem per se, it appears to contrast with existing genetic evidence indicating that Mad1 is required for forming the Mad2/Cdc20 complex. If Cdc20 competed with Mad1 for Mad2 binding, then loss of Mad1 would increase the interaction between Mad2 and Cdc20, rather that antagonizing it.
A second weakness of the Mad2 exchange model is that it assumes that Mad2 dissociates from its complex with Mad1. Although reasonable, the possibility that the tetrameric Mad1/Mad2 complex breaks to release Mad2 has not received experimental support, and conditions that may provoke a fast dissociation of this very stable complex are unknown (Sironi et al. 2002; De Antoni et al. 2005) . Finally, the kinetic implications of the safety belt for Mad1 and Cdc20 binding by Mad2 also suggest that the Mad2 exchange model is unlikely to be correct. An in-depth analysis of the kinetic implications of the safety belt is beyond the scope of this article, but the reader is referred to previous reports in which such implications were carefully discussed (Musacchio & Hardwick 2002; Sironi et al. 2002) .
Recently, we have gathered substantial evidence in favour of a new model, which we have named the Mad2 template model (De Antoni et al. 2005) , which satisfies the available genetic, biochemical, and structural evidence relating Mad1, Mad2 and Cdc20 more smoothly with respect to the Mad2 exchange model. The backbone of the Mad2 template model is that the Mad1/Mad2 complex is stable and does not dissociate during checkpoint activation (figure 1b). In other words, Mad2 bound to Mad1 is not a source of Mad2 for Cdc20 binding, as predicted by the Mad2 exchange model. Rather, Mad1 is required to lock Mad2 into a stable C-Mad2 conformation that resides at mitotic kinetochores during checkpoint activation without any significant dissociation of the Mad1/Mad2 complex. The function of C-Mad2 bound to Mad1 is the recruitment of O-Mad2 from its cytosolic pool. The latter, not the former, is then transferred onto Cdc20 ( figure 1b ). An interesting corollary of the Mad2 template model is that it represents the C-Mad2/Cdc20 complex as a cytosolic copy of the C-Mad2/Mad1 'template' existing at the kinetochore, suggesting the possibility that once released from the kinetochore, the Mad2/Cdc20 complex acts as an amplifier for the spindle checkpoint signal into the cytosol (De Antoni et al. 2005) .
MAD2 OLIGOMERS. OLD AND NEW INTERPRETATIONS
The Mad2 template model proposes that the recruitment of O-Mad2 to kinetochores is based on the interaction of O-Mad2 with Mad1-bound C-Mad2 (figure 1b). We reached this conclusion after showing that O-Mad2 mutants that are unable to bind to Mad1 directly, but are capable of binding to C-Mad2, are normally recruited to kinetochores in mitosis (De Antoni et al. 2005) . Conversely, Mad2 mutants that are capable of binding to Mad1 but fail to sustain the interaction with C-Mad2 are not recruited to the kinetochore (De Antoni et al. 2005) . This behaviour correlates very well with the ability of the same mutants to interact in vitro with a recombinant form of the Mad1/Mad2 complex, in which Mad2 holds the C-Mad2 conformation (De Antoni et al. 2005) . Furthermore, we showed that the interaction of O-Mad2 with C-Mad2 is essential to maintain the SAC in HeLa cells. Mutant alleles of Mad2 that are capable of binding Mad1 and Cdc20, but are impaired in the O-Mad2/C-Mad2 interaction, are also unable to sustain the spindle checkpoint after RNAi-mediated knock down of the endogenous Mad2 protein (De Antoni et al. 2005) .
In the course of our studies, we had an opportunity to re-evaluate initial observations by Kirschner and collaborators regarding the oligomerization of Mad2 (Fang et al. 1998) . These authors showed that Mad2 purified from bacteria forms oligomers and suggested that oligomerization is essential for Mad2 function (Fang et al. 1998) . Although the oligomerization of Mad2 has been confirmed in subsequent reports, its functional and structural significance has remained elusive (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2001 Sironi et al. , 2002 Tunquist et al. 2003; De Antoni et al. 2005) . From a structural perspective, the difficulty in assessing the structure of the Mad2 oligomers has been ascribed to the fact that pure preparations of bacterially expressed Mad2 tend to be polydisperse and are not amenable to direct structural analysis (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2001 Sironi et al. , 2002 . Because O-Mad2 and C-Mad2 bind to each other to promote the recruitment of O-Mad2 to kinetochore-bound C-Mad2, we considered the possibility that the oligomerization of bacterially expressed Mad2 may also be explained by an interaction between O-Mad2 and C-Mad2.
To test this hypothesis, we made use of purified recombinant versions of Mad2 and a defined set of Mad2 mutants (see below). These proteins and their complexes were analysed on a Superdex-75 SEC column, and the content of defined fractions was analysed by SDS-PAGE (figure 2). Using this approach, we first showed that bacterially expressed Mad2 wt was oligomeric by SEC, as reported previously, with an average molecular weight at least double that expected for a 24 kDa Mad2 monomer (figure 2a). Next, we inquired about the oligomerization state of a pure preparation of C-Mad2. To obtain a pure preparation of C-Mad2 from Mad2 wt , we mixed (Fang et al. 1998; Luo et al. 2000 Luo et al. , 2002 Sironi et al. 2001) . We interpret this result as the formation of a complex between O-Mad2 and empty C-Mad2 forming in bacterial preparations of Mad2. (b) When challenged with a Cdc20 peptide, Mad2 is turned into a monomeric Cdc20-bound C-Mad2 species, which agrees with previous reports (Fang et al. 1998; Luo et al. 2000 Luo et al. , 2002 Sironi et al. 2001 ). This experiment shows that the accumulation of C-Mad2 reverts the oligomerization of Mad2. To generate Mad2/Cdc20, Mad2 wt was incubated for 1 h with a 10 fold excess of a synthetic peptide corresponding to residues between 111 and 138 of Cdc20 (Cdc20 ). This segment is a stronger Mad2 ligand than full-length Cdc20, probably because the Mad2-binding region is partially buried in full-length Cdc20 (Tang et al. 2001; Zhang & Lees 2001) . The resulting Mad2/Cdc20 complex runs as a Mad2 monomer because the contribution of the Cdc20 peptide to the overall shape and molecular weight of Mad2 is near to negligible. (c) Mad2
DC is locked in the O-Mad2 conformation and is also monomeric, which agrees with previous observations (Fang et al. 1998; Luo et al. 2000 Luo et al. , 2002 Sironi et al. 2001 DC off the wild-type oligomer and it appears as a monomeric species. The Mad2 proteins used in panels a-e were purified and analysed by SEC on a Superdex-75 PC 3.2/30 column essentially as described (Sironi et al. , 2002 De Antoni et al. 2005) . For every chromatogram, pure proteins were loaded onto the column and the contents of 12 consecutive 30 ml fractions eluting between 0.96 and 1.32 ml were analysed by SDS-PAGE and stained with Coomassie. 
Mad2
wt with an excess of a synthetic peptide corresponding to the Mad2-binding region of Cdc20 to generate a pure C-Mad2/Cdc20 complex (figure 2b). In separate ITC experiments, we have shown that the Cdc20 peptide used in this experiment binds Mad2 with high-affinity (Sironi et al. , 2002 De Antoni et al. 2005) . After 1 h, we separated the products of the incubation by SEC. The elution volume of Mad2 wt after the incubation with the Cdc20 peptide was as expected for a 1 : 1 Mad2-peptide complex (figure 2b). This experiment shows that the oligomerization of Mad2 wt can be reverted by the addition of a peptide Mechanism of Mad2 oligomerization A. DeAntoni and others 641 that binds Mad2 and turns it into C-Mad2. Thus, a pure population of C-Mad2 is monomeric, in agreement with previous reports (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2001 Sironi et al. , 2002 De Antoni et al. 2005) . Next, we wished to assess the oligomerization state of a pure preparation of O-Mad2. For this, we took advantage of the Mad2 DC deletion mutant, which lacks 10 residues from the C-terminus of Mad2. Mad2
DC is locked in the O-Mad2 conformation. The structural bases for this property of Mad2 DC have been thoroughly discussed before (see Luo et al. 2002; Sironi et al. 2002) , and will not be repeated here. It suffices to remind the reader that being locked in the open conformation, the Mad2 DC protein is utterly unable to bind Mad1 or Cdc20 (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2001 Sironi et al. , 2002 De Antoni et al. 2005) . When analysed by SEC, a pure preparation of Mad2 DC was homogeneously monomeric, as shown in figure 2c . This result is consistent with the possibility that O-Mad2, like C-Mad2, is unable to self-associate and that the dimerization of Mad2 requires opposite conformers. However, an alternative hypothesis is that the Mad2 oligomers are formed from O-Mad2 and that the 10-residue C-terminal deletion in O-Mad2 DC disrupts the dimerization interface.
To test this, we asked if O-Mad2
DC was capable of forming dimers if challenged with C-Mad2. For this, we mixed O-Mad2 and C-Mad2 (in the form of Mad2 DC and Mad2 wt /Cdc20, respectively) in roughly equimolar amounts and analysed the products of this incubation by SEC. As shown in figure 2d , O-Mad2 DC and Cdc20-bound C-Mad2 wt entered a stoichiometric dimeric complex, indicating that the ability of Mad2 DC to dimerize is largely untouched by the DC deletion (at least at the level of resolution allowed by this analysis). We conclude that Mad2 oligomerization can be reproduced as an interaction of O-Mad2 with C-Mad2, while pure forms of O-Mad2 or C-Mad2 are unable to form dimers.
The oligomers shown in figure 2d contain a form of C-Mad2 obtained by incubation of Mad2 wt with a synthetic peptide containing the Mad2 binding site of Cdc20. Bacterially expressed Mad2 wt , however, forms oligomers in the absence of Cdc20 or Mad1 peptides. If these oligomers of apo-Mad2 are based on the interaction of O-Mad2 with C-Mad2, then the implication is that C-Mad2 can also appear spontaneously in the absence of Mad2 ligands as an empty C-Mad2 form (where 'empty' indicates that the Mad2-binding site is not occupied by Mad1 or Cdc20). This is not unreasonable given that the C-terminal tail of Mad2 is designed to undergo a conformational change from the O-Mad2 to the C-Mad2 position and vice versa. Testing this possibility directly, however, is rather difficult, as we do not have a direct sensor to assess the state of the Mad2 C-terminal tail in solution. We reasoned that if C-Mad2 wt existed in pure preparations of Mad2, we ought to be able to use O-Mad2 DC as a probe for detecting C-Mad2, to which Mad2 DC binds tightly (figure 2d . Because pure preparations of Mad2 wt are entirely oligomeric, it seems sensible to conclude that they contain an equal concentration of O-Mad2 and C-Mad2 bound into dimers. Previous attempts to define the stoichiometry of the Mad2 wt oligomers suffered from the polydispersity of these preparations, probably caused by the intrinsic instability of empty C-Mad2 occurring in the absence of Mad1 or Cdc20. In this respect, it is worth mentioning that the Mad2-binding motifs of Mad1 and Cdc20 bind Mad2 with high affinity, significantly stabilizing C-Mad2 relative to its empty variant. From this, we infer that also the interaction of C-Mad2 with O-Mad2 will be significantly stabilized in the presence of a Mad2 ligand (Mad1 or Cdc20), creating a stable form of C-Mad2. Because the complex of Mad2 DC with C-Mad2/Cdc20 is perfectly monodisperse, we suspect that the lack of a ligand stabilizing C-Mad2 causes the polydispersity of the pure preparations of oligomeric Mad2 wt , although we cannot provide a direct mechanistic explanation for this observation.
In summary, we propose that the oligomerization of Mad2 wt in solution and its oligomerization on Mad1 are two aspects of the same interaction between opposite conformers of Mad2. In our view, while the latter is relevant to the biology of Mad2, the former is only an interesting epiphenomenon caused by the dynamic nature of the Mad2 C-terminal tail. In fact, cytosolic apo-Mad2 has not been found to form oligomers in HeLa cells or other systems (reviewed in Musacchio & Hardwick 2002) . We decided to re-evaluate these results (figure 3). Mad2
DC and Mad2 wt were expressed and purified from bacteria and loaded onto a Superose-12 PC 3.2/30 column equilibrated as described in the legend to figure 3. SDS-PAGE and Coomassie staining were used to analyse the content of equivalent fractions (1-12) in each run. The elution profiles of Mad2 DC and Mad2 wt were assumed to represent the elution of monomeric and dimeric forms of Mad2, respectively ( figure 3a,b) .
To assess the state of oligomerization of Mad2 in HeLa cells, a HeLa cell lysate was loaded onto the same column and the presence of Mad2 in the eluate was analysed by western blotting with an anti-Mad2 antibody (figure 3c). Although we detected some Mad2 in high-molecular weight fractions, the majority of Mad2 eluted precisely as expected for a monomeric protein (figure 3c). That the conformation of this monomeric cytosolic form of Mad2 is O-Mad2 is based on a recent report of Luo and collaborators and from our own work showing that this is the conformation of Mad2 which is recruited to the kinetochore from the cytosol De Antoni et al. 2005) . Because bacterially expressed Mad2 wt has a tendency to oligomerize, it is possible that cytosolic Mad2 in HeLa cells is kept in an open conformation by cellular chaperones. However, this is a possibility that will require further investigation. An alternative possibility, which will also need to be explored, is that p31 comet (previously known as CMT2), a protein that binds exclusively to C-Mad2, binds to and 'buffers' any empty C-Mad2 forming spontaneously in living cells (Habu et al. 2002; Hagan et al. Submitted; Xia et al. 2004) . Finally, we cannot formally exclude the unlikely possibility that the appearance of what we have defined above as empty C-Mad2 results from the binding of small molecules or peptides picked up from the bacterial cytoplasm into the Mad2 ligandbinding site.
R133 IS REQUIRED FOR THE INTERACTION OF O-MAD2 WITH C-MAD2
We have previously described a Mad2 point mutant, Mad2 R133A , as a monomeric species of Mad2 that retains the C-terminal dependent tight binding to Mad1 and Cdc20 (Sironi et al. , 2002 . Thus, Mad2 R133A seems to have retained a functional safety belt and is, therefore, expected to populate an equilibrium between C and O conformers like Mad2 wt . However, as reported previously (Sironi et al. , 2002 Tunquist et al. 2003; De Antoni et al. 2005; Luo et al. 2004) , pure preparations of Mad2 R133A are monomeric by SEC, and they remain monomeric when turned into C-Mad2 with a Cdc20 peptide ( figure 4a,b) DC-R133A was also monomeric based on the monomeric nature of the R133A and DC mutants (figure 4c).
Most probably, the monomeric nature of Mad2 R133A owes to the fact that the mutation, which hits a fully conserved exposed residue of Mad2 (Aravind & Koonin 1998) , is located on a patch required for dimerization of O-Mad2 with C-Mad2. To test this, we mixed Cdc20-bound C-Mad2
R133A with O-Mad2
DC-R133A and analysed the product of their incubation by SEC ( figure 4d ). Both proteins eluted in a peak situated between the 44 and the 17 kDa markers, indicating a lack of interaction if the R133A mutation is present on both O-Mad2 and C-Mad2. This result agrees with the hypothesis that the R133A mutation impairs the binding of O-Mad2 to C-Mad2.
Our studies, as depicted in figure 2, introduce the concept that O-Mad2 and C-Mad2 bind each other, but pure forms of each conformer are unable to form oligomers. Because O-Mad2 and C-Mad2 are chemically identical (i.e. they are not modified and have equal masses; Fang et al. 1998; Luo et al. 2004) , it follows that the binding surface that allows the interaction of O-Mad2 and C-Mad2 must be at least partially asymmetric. The reason for this is that a perfectly symmetric interface would be expected to cause the oligomerization of the pure O-Mad2 or C-Mad2 forms as well. Thus, at least in principle, it is possible that the effects of the R133A mutation on the disruption of Mad2 dimerization are limited to one of the two conformers on Mad2, but not to both.
To test this, we analysed the ability of open and closed R133A mutants to bind wild-type dimerization surfaces of the opposite conformation. In particular, to test the effect of the R133A mutation on the ability of C-Mad2 to bind O-Mad2, we incubated stoichiometric amounts of Cdc20-bound C-Mad2 R133A (the mutant) and O-Mad2 DC (viewed as a wild-type surface with respect to oligomerization based on our results in (c) HeLa cells were harvested by scraper detaching and lysed in 50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM DTT, 5 mM EDTA, 50 mM NaF, 20 mM Na 4 -pyrophosphate, 0.5 mM okadaic acid, 100 ng ml K1 leupeptine, 100 ng ml K1 aprotinin, 1 mM PMSF, protease inhibitors (Roche), 0.1% NP40 for 20 min on ice. Cell lysates were clarified by centrifugation for 15 min at 13 000 r.p.m. at 4 8C in an Eppendorf microcentrifuge. Cell lysates (70 mg) were subjected to SEC analysis. figure 2b , but this effect of Cdc20 and Mad1 binding on Mad2 has also been described before (Luo et al. 2000 (Luo et al. , 2002 Sironi et al. 2001 Sironi et al. , 2002 De Antoni et al. 2005) . Similarly, pure O-Mad2 DC is monomeric (panel b), a result that has also already been discussed (Fang et al. 1998; Luo et al. 2000 Luo et al. , 2002 Luo et al. , 2004 Sironi et al. 2001 Sironi et al. , 2002 De Antoni et al. 2005) . In panels c and d, we summarize our finding that the oligomerization of Mad2 can be explained as an interaction of O-Mad2 with C-Mad2. The difference between panels c and d is the presence of a Mad2 ligand, which will cure the polydispersity of oligomeric preparations of empty Mad2 De Antoni et al. 2005; Luo et al. 2004) . Recently, we have shown that the interaction of O-Mad2 with C-Mad2, which we have 'simulated' here with purified components, is essential for Mad2 recruitment to the kinetochore and maintenance of the spindle checkpoint (De Antoni et al. 2005) . Finally, we postulate that the reason why the R133A mutant is monomeric is that this residue lies at the interface between the O-Mad2 and C-Mad2 monomers (panel e). R133A /Cdc20 and the individual profiles of the monomers largely overlap, although a small shift is observed, possibly revealing small residual binding. (e) When the R133A mutation is present only on the C-Mad2 moiety, an interaction with O-Mad2 is observed. Note that the elution of this complex is shifted to the lower molecular weights relative to Mad2 wt (see figure 2a,d ). (f ) As in f, the R133A mutation is present on only one face of the interaction, which, in this case, is the O-Mad2 moiety. As in panel e, an interaction with C-Mad2 is observed. The Mad2 proteins used in panels a-f were purified and analysed by SEC on a Superdex-75 PC 3.2/30 column essentially as described (Sironi et al. , 2002 De Antoni et al. 2005) . For every chromatogram, pure proteins were loaded onto the column and the contents of 12 consecutive 30 ml fractions eluting between 0.96 and 1.32 ml were analysed by SDS-PAGE and stained with Coomassie. R133A mutation at the interface (which is indeed the case; data not shown). Why does the decreased affinity of Mad2 R133A oligomers not result in the appearance of discrete oligomer and monomer peaks, rather than in the continuous shift in elution volumes actually observed? We suspect that this effect owes to the continuous dissociation and rebinding of O-and C-Mad2 in the column, caused by a faster off rate, which results in an elution profile representing a weighted average of the molecular weight of the dimer and the monomer.
Overall, these results suggest that R133 is part of both surfaces involved in the C-Mad2/O-Mad2 interaction. Complete disruption of binding occurs when both surfaces are affected, while intermediate binding is observed when the mutation is present on only one binding partner, regardless of whether this is O-Mad2 or C-Mad2. The result of this characterization is interesting because it suggests that the interaction surface between O-Mad2 and C-Mad2 may be partially symmetric. This suggests that both conformers require the R133 residue for high-affinity binding. A structural analysis of the binding interface is currently underway in our laboratory and will help shedding light on this important issue.
CONCLUSIONS This characterization of Mad2
R133A triggered our search for new mutations with more penetrant effects on Mad2 dimerization (De Antoni et al. 2005) . Our search identified the double mutant Mad2 R133E/Q134A as being almost completely impaired in the binding of a wild-type version of the opposite Mad2 conformer, both in the O-Mad2 and in the C-Mad2 configuration (De Antoni et al. 2005) . Notably, both residues are exposed at the surface of Mad2 and are fully conserved in Mad2 orthologues across species (Aravind & Koonin 1998; Luo et al. 2000; Sironi et al. 2002) . Using Mad2 R133E/Q134A , we were able to show that monomeric forms of Mad2 are unable to maintain the spindle checkpoint.
We have suggested previously that the oligomerization of Mad2 may not be required to sustain the checkpoint ). This conclusion was based on the observation that the over-expression of Mad2 R133A caused an ectopic activation of the spindle checkpoint similar to that obtained upon overexpression in HeLa cells of wild-type Mad2 . Because Mad2 R133A is monomeric, this result suggested that the oligomerization of Mad2 is not required to sustain the checkpoint. In retrospect, it is easier to see that the interpretation of the results of Mad2 R133A overexpression (which we have recently confirmed; De Antoni et al. 2005 ) is very complex, and a number of factors can contribute to explain the observed phenotype. To mention just one, we show here that the Mad2 R133A mutant at least partially retains the ability to interact with Mad2 wt . Furthermore, there remain doubts as to the requirement for Mad1 in the metaphase arrest caused by Mad2 overexpression, and it is possible that high amounts of Mad2 bind Cdc20 in a Mad1-independent fashion. Although we have initially reported efficient metaphase arrest only upon co-expression of Mad1 and Mad2 , we have now also identified conditions in which Mad2 overexpression is sufficient for a robust mitotic arrest (De Antoni et al. 2005) , suggesting that the requirement for Mad1 for an efficient mitotic arrest is bypassed if Mad2 is overexpressed. Finally, it is also possible that Mad2 R133A fails to be inhibited by a checkpoint inhibitor like p31 comet (see above). Thus, our initial caution about the relevance of Mad2 oligomerization for the spindle checkpoint can now be lifted. Our recent investigations show that the dimerization of Mad2 can be interpreted on the basis of an interaction between the O-Mad2 and C-Mad2 conformers of Mad2, and that this interaction is essential for the spindle checkpoint (De Antoni et al. 2005) . From a biochemical perspective, we suggest that our hypothesis is sufficient to explain most (and possibly all) observations related to the oligomerization properties of Mad2 previously described, as summarized in figure 5. 
